Pathogens secrete effector proteins to interfere with plant innate immunity, in which Ca 2+ /calmodulin (CaM) signalling plays key roles. Thus far, few effectors have been identified that directly interact with CaM for defence suppression. Here, we report that SFI5, an RXLR effector from Phytophthora infestans, suppresses microbe-associated molecular pattern (MAMP)-triggered immunity (MTI) by interacting with host CaMs.
Introduction
Plants rely on a multi-layered immune system to combat potential pathogens. One important layer of inducible plant immune responses is the recognition by cell surface-resident pattern recognition receptors (PRRs) of so-called microbe-associated molecular patterns (MAMPs), which are highly conserved molecules or structural components derived from microbes and indispensable for microbial fitness or lifestyle (Medzhitov & Janeway, 1997; N€ urnberger & Brunner, 2002; N€ urnberger et al., 2004; Ausubel, 2005; Boller & Felix, 2009; Macho & Zipfel, 2014) . The signalling responses induced by PRR-mediated perception of MAMPs is termed MAMP-triggered immunity (MTI), which is accompanied by rapid Ca 2+ influxes, accumulation of reactive oxygen species (ROS), activation of mitogen-activated protein kinases (MAPKs), upregulation of immunity-associated gene expression, synthesis of anti-microbial proteins and callose deposition (Apel & Hirt, 2004; Macho & Zipfel, 2014; Bigeard et al., 2015; Lee et al., 2015) .
One of the key mediators in plant immune responses is Ca 2+ / calmodulin (CaM) (Lecourieux et al., 2006; Cheval et al., 2013) .
CaM is a major Ca 2+ sensor in eukaryotes and, after conformational change induced by Ca 2+ binding to EF-hand motifs, interacts with and regulates the function of diverse target proteins (McCormack et al., 2005) . These include membrane receptors, protein kinases and transcription factors that are involved in plant development but also in plant immunity and adaptation to other stress conditions (Zhang et al., 2009; Reddy et al., 2011; Cho et al., 2016) .
Microbes that can colonize plants have evolved multiple effectors that either prevent perception of MAMPs by membranebound PRRs or interfere with cellular components of MTI signalling pathways (Boller & He, 2009; Bozkurt et al., 2012; Dou & Zhou, 2012; Giraldo & Valent, 2013; Doehlemann et al., 2014) . The latter mainly involves effectors that translocate into host cells. For example, the bacterial pathogen Pseudomonas syringae secretes many effectors into plant cells using the type III secretion system, targeting various proteins to suppress MTI (Block & Alfano, 2011; Dou & Zhou, 2012; . Recently, one effector protein, HopE1, was shown to interact directly with CaM for MTI suppression (Guo et al., 2016) . Oomycete pathogens, including downy mildews and Phytophthora species, secrete hundreds of candidate effectors that contain the RXLR motif shortly after the N-terminal signal peptide (Tyler et al., 2006; Jiang et al., 2008; Haas et al., 2009) , which is required for delivery into host cells (Whisson et al., 2007 (Whisson et al., , 2016 Dou et al., 2008) . Some of these effectors have been shown to target MTI components and suppress plant immunity (King et al., 2014; Whisson et al., 2016) .
Phytophthora infestans is the causal agent of tomato and potato late blight disease, but it can also infect the model solanaceous plant Nicotiana benthamiana Whisson et al., 2016) . Many RXLR effectors in P. infestans and other wellknown oomycete pathogens such as Phytophthora sojae and Hyaloperonospora arabidopsidis have been shown to suppress MTI at different steps of the signalling pathway, through different mechanisms and in different subcellular compartments. P. infestans effector AVR1 interacts with host exocyst component Sec5 to suppress CRN2-induced cell death and PR1 secretion (Du et al., 2015) . AVR3a represses the programmed cell death induced by the elicitor INF1 by targeting and stabilizing the host E3 ligase CMPG1 (Bos et al., 2006 (Bos et al., , 2010 Gilroy et al., 2011) . PITG_03192 localizes to the host endoplasmic reticulum (ER), where it targets two NAC transcription factors, NTP1 and NTP2, and prevents their re-localization into the nucleus upon MAMP application (McLellan et al., 2013) . Pi04314 associates with different isoforms of host protein phosphatase type 1c (PP1c) and causes their re-localization within the nucleus without affecting their biochemical activity. The PP1c isoforms were proposed to be susceptibility factors, utilized by Pi04314 to promote disease development by attenuating salicylic acid (SA) and jasmonate (JA) signalling . PexRD2 interacts with host MAPK signalling to perturb both MTI and ETI (King et al., 2014) . In P. sojae, Avr3b contains a Nudix hydrolase motif in the C-terminal part of the effector domain and displays ADPribose/NADH pyrophosphorylase enzymatic activity, which is dependent on the interaction with the plant cyclophilin CYP1 through a putative Glycine-Proline motif (Dong et al., 2011; Kong et al., 2015) . PsAvh23 suppresses defence gene expression by interacting with the ADA2 subunit of the histone acetyltransferase complex (Kong et al., 2017) . In H. arabidopsidis, the nuclear-localized effector, HaRxL44, was shown to associate with Mediator subunit 19a (MED19a), leading to proteasomedependent degradation of MED19a and the activation of jasmonate/ethylene (JA/ET)-signalling to antagonize SA-signalling and the activation of SA-responsive genes (Caillaud et al., 2013) .
In our previous study, we identified a range of P. infestans RXLR effectors, named Suppressor of early Flg22-induced Immune response (SFI), that perturb the earliest signalling events of MTI in tomato protoplasts . One of these, namely SFI5, localizes at the host plasma membrane, blocks the MAMP-triggered activation of the MAP kinase cascade and facilitates P. infestans infection in N. benthamiana leaves. The mechanism underlying the mode of action of SFI5 in manipulating host immunity was not investigated.
In this study, we show that SFI5 contains a CaM-binding motif at its C-terminus. We demonstrate Ca 2+ -dependent association between SFI5 and CaMs in both in vitro and in vivo assays. We provide strong correlative evidence that CaMassociation is required for the plasma membrane location and effector activity of SFI5 in tomato protoplasts and N. benthamiana leaves. We report for the first time that an effector association with CaM plays a critical role in suppression of immunity in the interactions between plants and filamentous pathogens.
Materials and Methods

Bioinformatics
The sequence of Phytophthora infestans SFI5 (PITG_13628) was analysed for CaM-binding domains and canonical motifs according to the method described by Yap et al. (2000) and Mruk et al. (2014) . Calmodulin sequences from Arabidopsis (Arabidopsis thaliana) and tomato (Solanum lycopersicum) were obtained from GenBank according to the descriptions of Day et al. (2002) and Zhao et al. (2013) . Sequence alignment was performed by ClustalW program (Chenna et al., 2003) .
Microbe and plant growth conditions
Escherichia coli DH5a and Rosetta TM (DE3) (Merck, Germany) were routinely grown in Luria Bertani (LB) media with appropriate antibiotics at 37°C. Phytophthora infestans strain 88069 (Pieterse & Davidse, 1990 ) was grown on Rye Sucrose Agar at 19°C. Nicotiana benthamiana Domin (personal laboratory stock) and Solanum lycopersicum L. cv Moneymaker (Thompson & Morgan, Ipswich, Suffolk, UK) were grown under controlled conditions in a glasshouse as described previously .
Gene cloning and constructs
Calmodulin genes were cloned by PCR amplification from tomato cDNAs with primer pairs shown in Supporting Information Table S1 . The PCR amplicons were cloned using the Gateway ® cloning recombination technology into the entry vector pDONR201 (Thermo Fisher Scientific, Darmstadt, Germany) and, subsequently, recombined into the expression vectors p2HAGW7 (N-terminal HA-tag) and p2FGW7 (C-terminal GFP-tag) or pB7WGF2 (Nterminal GFP-tag) (VIB, Belgium; Karimi et al., 2005) , or pDEST15 (N-terminal GST-tag) and pDEST17 (N-terminal His-tag) for protein expression in E. coli (Thermo Fisher Scientific). The SFI5 gene without the region encoding the signal peptide (28-241 aa) was amplified by PCR, digested with XmnI and SalI restriction endonucleases and ligated into the vector pMAL-p5x (N-terminal MBP-tag) (New England Biolabs, Frankfurt, Germany). Positive clones were confirmed by sequencing.
Truncated SFI5 genes without fragments encoding N-or Cterminal domains were amplified by PCR using specific primers (Table S1 ), cloned into the entry vector pDONR201 (Thermo 
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Fisher Scientific) and subsequently recombined into the expression vectors p2HAGW7 and p2FGW7 (Life Technologies, Darmstadt, Germany). Site-directed mutagenesis was performed following the instruction manual of the QuikChange ® II XL Site-Directed Mutagenesis Kit (Agilent Technologies, Waldbronn, Germany) using the p2HAGW7-SFI5 63-241 aa or p2FGW7-SFI5 63-241 aa plasmid constructs as PCR template. Primers used for mutagenesis are listed in Table S1 . All constructs were verified by sequencing.
In vitro pull-down assay pDEST17 vector expressing His-SlCaM6 and pMAL-p5x vector expressing MBP-SFI5 (28-241 aa) were transformed into Rosetta TM (DE3) competent cells, respectively. Positive colonies were cultivated in LB medium at 37°C with 200 rpm shaking until the culture reached an OD 600 of 0.6, followed by addition of 0.5 mM isopropyl b-D-thiogalactopyranoside (IPTG) for protein induction. Upon induction, bacterial cultures were transferred to 28°C with 200 rpm shaking for 2 h before harvesting. His-and MBP-fusion proteins were purified by HisTrap (HisTrap FF Crude; GE Healthcare, Freiburg, Germany) and MBPTrap (MBPTrap HP; GE Healthcare) columns, respectively, following the user manuals. For pull-down assay, the same amount (5 mmol) of His-SlCaM6 and MBP-SFI5 were mixed together with 5 mM CaCl 2 or 5 mM EGTA in 500 ll PBS buffer and incubated at 4°C for 1 h. Both protein mixtures were then incubated with 10 ll Ni-NTA resin at 4°C for 30 min, followed by the removal of the supernatant and extensive wash (eight times) with wash buffer (250 mM This-HCl, 500 mM NaCl, 25% (v/v) glycerol, 5 mM b-mercaptoethanol, and 10 mM imidazole. pH 8.0). The binding proteins were eluted with 1 M imidazole and mixed with SDS sample buffer for SDS-PAGE. Purified His-SlCaM6 and MBP-SFI5 proteins also were loaded for SDS-PAGE as controls.
Transfection of tomato protoplasts
Tomato mesophyll protoplasts were isolated and transfected as described previously Zheng et al., 2014) .
Immunoprecipitation and mass spectrometry
The transformed protoplasts were harvested by centrifugation at 100 g for 1 min and the pellet was re-suspended in 1 ml of immunoprecipitation (IP) buffer containing 50 mM HEPES (pH 7.4), 150 mM NaCl, 0.1% Triton X-100, 1 mM EDTA, 1 mM DTT, 19 phosphatase inhibitor cocktail (PhosphoSTOP, Roche) and 19 protease inhibitor cocktail. Total protein was released by sonication and the cell debris was removed by centrifugation. The HA-tagged proteins were immunoprecipitated from lysates by incubation with 20 ll of anti-HA antibodycoupled beads (anti-HA affinity matrix, Roche) for 3-6 h while gently shaking at 4°C. Afterwards, the beads were washed three times with 1 ml of washing buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 0.2% Triton X-100, 19 phosphatase inhibitor cocktail and 19 protease inhibitor cocktail). For elution, 50 ll SDS loading buffer without DTT was added to the beads, followed by boiling at 95°C for 10 min. The immunoprecipitated proteins were then further analysed by immunoblotting or LC-MS/MS (tandem).
SDS-PAGE and immunoblotting
Proteins were separated by 13.5% SDS-PAGE, blotted and incubated with appropriate antibodies . The antibody dilutions were: anti-phospho-p44/42 MAPK antibody (Cell Signalling Technology Europe BV, Leiden, Netherlands), 1 : 1000 in 5% BSA-TBST; anti-GFP (Acris), 1 : 5000 in 5% BSA-TBST; anti-HA (Sigma), 1 : 1000 in 5% BSA-TBST; anti-GST (Sigma), 1 : 7000 in 5% BSA-TBST; anti-MBP (Cell Signalling Technology), 1 : 10 000 in 5% BSA-TBST; anti-His (Abcam, Cambridge, UK), 1 : 5000 in 5% BSA-TBST; antirabbit IgG alkaline phosphatase (Sigma), 1 : 3000 in TBST; anti-goat IgG alkaline phosphatase (Sigma), 1 : 3000 in TBST; anti-mouse IgG alkaline phosphatase (Sigma), 1 : 3000 in TBST; anti-goat IgG horseradish peroxidase (Sigma), 1 : 10 000 in TBST; anti-mouse IgG horseradish peroxidase (Sigma), 1 : 10 000 in TBST. Immunodetection was performed with a NBT/BCIP solution (AppliChem, Darmstadt, Germany) or with the ECL Western blotting system (GE Healthcare).
Tris-glycine native-PAGE pDEST15 vector expressing GST-SlCaM6 was transformed into Rosetta TM (DE3) competent cells, and the fusion protein was induced and purified with GSTrap column (GSTrap FF column, GE Healthcare) following the user manual. Native polyacrylamide gel electrophoresis (Native-PAGE) was carried out as described previously (Niepmann & Zheng, 2006; Arndt et al., 2012) . Equal volumes of 133 lM synthetic peptide and 50 lM GST-or His-SlCaM6 were mixed and incubated for 1 h at 4°C. Peptide-protein interactions were analysed on 12% tris-glycine native gels (30 mM Tris-HCl pH 7.5, 190 mM glycine, 5 mM DTT). NativeMark Unstained Protein Standard (Life Technologies) was used as a protein marker for the analysis. The electrophoresis was performed with the Mini-PROTEAN Tetra Cell apparatus (BioRad) in native running buffer (25 mM Tris base, 192 mM Glycine) at a low current (10 mA) at 4°C. The proteins on the gel were visualized by Coomassie blue staining (Blakesley & Boezi, 1977) .
1-Anilinonaphthalene-8-sulfonate assay 1-Anilinonaphthalene-8-sulfonate (ANS) (Sigma) was dissolved in ethanol at a stock concentration of 10 mM. The assays were performed as described by Chinpongpanich et al. (2011) with minor modifications. ANS (100 lM) and 1 lM purified recombinant GST-SlCaM6 were incubated in the reaction buffer containing 20 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 1 mM CaCl 2 for 15 min before addition of 0-100 lM synthetic peptide. Fluorescence was measured in a 96-well plate reader (MWG) with k ex = 360 nm and k em = 460 nm.
Luciferase reporter gene assays
Luciferase reporter gene assay was conducted following the method of Zheng et al. (2014) . Protoplasts were treated with/ without flg22 to a final concentration of 500 nM. The luminescence reflecting the luciferase activity was measured at different time-points using a Mithras LB 940 luminometer (Berthold, Bad Wildbad, Germany). Luciferase activity (+/Àflg22) was normalized by measuring b-glucuronidase (GUS) activity upon lysis with an equal volume of CCLR solution and incubation of 10 ll protoplast extract with 90 ll MUG substrate.
MAP kinase activation assay
The MAP kinase activation was detected as described previously . Two hundred microliters of transformed tomato protoplasts untreated or treated with 500 nM flg22 for 0 and 20 min were harvested for immunodetection by antiphospho-p44/42 MAPK antibody.
Oxidative burst assay
Tomato protoplasts were used to measure reactive oxygen species (ROS) production using a luminol-based assay (Halter et al., 2014) . One hundred to 200 ll of transformed protoplast samples were incubated in W1 buffer without MES (0.5M mannitol, 20 mM KCl) at 20-22°C in the dark for 6-8 h. Before measurement, protoplasts were harvested by centrifugation at 100 g for 1 min and resuspended in 100 ll W5 buffer (18.4 g l
À1
CaCl 2 9 2H 2 O, 1.0 g l À1 glucose, 9.0 g l À1 NaCl, 0.4 g l À1 KCl) containing 200 lM luminol L-012 (Wako Chemicals) and 20 lg ml À1 horseradish peroxidase and incubated for an additional 30 min in the dark. After treatment with 500 nM flg22, luminescence was recorded for 30 min using a Mithras LB 940 multiplate reader (Berthold).
Infection assay
Phytophthora infestans infection assay was performed as described previously . Agrobacterium tumefaciens carrying GFP-SFI5 deletion mutant constructs were infiltrated into N. benthamiana leaves, which were then inoculated by P. infestans strain 88069 1 d after A. tumefaciens infiltration. Lesion sizes were determined and photographed at 7 d post-infection.
Confocal fluorescence microscopy
Nicotiana benthamiana leaf cells of wild-type (WT), GFP-LTi6b or mOrange-LTi6b PM marker-expressing transgenic lines (Kurup et al., 2005; Yang et al., 2016) were infiltrated with A. tumefaciens containing expression constructs at OD 600 of 0.01. Cells transiently expressing SFI5 fusion constructs were imaged 48 h post-infiltration on Zeiss 710 or Nikon A1R confocal microscopes. GFP was excited with 488 nm light and the emissions were detected between 500 and 530 nm. mRFP and mOrange were excited with 561 nm light and emissions were detected between 600 and 630 nm or 580 and 610 nm, respectively. Cells displaying a low intensity of GFP fluorescence were imaged to minimize artefacts of overexpression. For coexpression of the GFP-SFI5 constructs with the cytoplasmic mRFP control construct, A. tumefaciens suspensions were premixed before infiltration.
Images were processed with propriety confocal software or IMAGEJ as required. Figures were constructed with Adobe PHOTO-SHOP and Adobe ILLUSTRATOR.
Results
SFI5 binds CaM in vitro in the presence of Ca 2+
Phytophthora infestans SFI5 is a 241-amino acid protein bearing the typical signature of RXLR effectors with an N-terminal signal peptide, followed by a sequence (Ala 28 to Arg 62 ) containing the RXLR motif and a predicted C-terminal effector domain of 178 amino acid residues (Phe 63 to Arg 241 ). Sequence analysis in the Calmodulin Target Database (Yap et al., 2000) revealed a putative CaM-binding site located at the C-terminal end of SFI5 including 18 amino acids between Pro 222 and Leu 239 (Fig. 1a) . A genome-wide analysis has revealed six CaM genes in tomato, which encode four isoforms -SlCaM1, SlCaM2, SlCaM3/4/5 and SlCaM6 -sharing 91-99% sequence identity (Zhao et al., 2013) (Fig. S1 ). We cloned SlCaM1, SlCaM3/4/5 and SlCaM6 but not SlCaM2 from a tomato cDNA library.
We performed a pull-down assay to analyse in vitro the interaction between SFI5 and CaM. The purified His-SlCaM6 and MBP-SFI5 proteins were expressed in E. coli and purified prior to interaction studies using Ni-NTA affinity chromatography in the presence of Ca 2+ or the Ca 2+ chelator EGTA. As shown in Fig. 1(b) , in the presence of Ca 2+ , both a 70 kDa band corresponding to MBP-SFI5 and a 20 kDa band corresponding to His-SlCaM6 were immunodetected in the Ni-NTA eluate (Lane 1 of Fig. 1b) . In the presence of EGTA, the 70 kDa MBP-SFI5 was not detected (Lane 2 of Fig. 1b) . Immunodetection of the purified His-SlCaM6 and MBP-SFI5 controls in lanes 3 and 4 of Fig. 1(b) , confirmed the identity of the bands in lanes 1 and 2. Thus, we conclude that SFI5 interacts with SlCaM6 in vitro in a Ca 2+ -dependent manner.
A C-terminal 17-aa peptide of SFI5 binds CaM in vitro in the presence of Ca
2+
The predicted CaM-binding site at the C-terminus of SFI5 does not contain a canonical CaM-binding motif (Mruk et al., 2014 (Fig. 2a) . Peptides corresponding to the predicted CaM-binding site of SFI5 and with amino acid mutations, which led to different net charges, were synthesized for CaM-binding analysis (Figs 2b, S2 ). 
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Complex formation between GST-SlCaM6 and synthetic peptides was shown by gel shift experiments on tris-glycine native gels. All peptides were mixed with recombinant GST-SlCaM6 in the presence of Ca 2+ . As shown in Fig. 2(c) , mixing peptide 1 with GST-SlCaM6 resulted in a band shift to a higher molecular weight compared to the GST-SlCaM6 control, indicating complex formation between the predicted CaM-binding motif and SlCaM6. Peptide 2, in which the last two amino acid residues (Lys 240 -Arg 241 ) of peptide 1 were removed, was able to bind SlCaM6 with nearly the same efficacy as peptide 1, although its net charge at pH 7 decreased from + 7.9 to + 5.9 (Fig. 2b) (Yap et al., 2000; Mruk et al., 2014) . Replacement of these lysine residues with the negatively charged residue Glu caused a drastic reduction of the net charge of peptide 6 and abolished the interaction with SlCaM6. The replacement of Lys 235 and Lys 236 only with Glu (peptide 7) or Lys 229 only with Glu (peptide 8) had less effect on the net charge and resulted in an increase of peptide binding to SlCaM6 (Fig. 2b,c) . Interestingly, replacing the three lysine residues with alanine in peptide 9 also caused less reduction of the net charge and did not affect peptide binding to SlCaM6.
The gel shift assay also was performed with His-tagged SlCaM6 and additional synthetic peptides with mutations were tested (Fig. S2) ) and the two basic residues (Lys 235 and Lys 236 ) for CaM-binding, we carried out CaM competition assays with four synthetic peptides (1, 5, 7 and 11) and 1-Anilinonaphthalene-8-sulfonate (ANS), a compound with high affinity to CaM which is fluorescent upon binding. The kinetics of ANS fluorescence change was monitored in the presence of increasing concentrations of different peptides. As shown in Fig. 2(d) , the fluorescence curve rapidly declined with increasing concentration of peptide 1 (IC 50 = 1 lM), indicating that competition occurred between ANS and the peptide 1 for SlCaM6-binding. By contrast, ANS fluorescence decreased smoothly or remained unchanged with increasing concentrations of peptide 5, 7 and 11 (the last a quadruple mutant of Trp 225 , Phe 228 , Lys 235 and Lys 236 ). This result confirmed the importance of the mutated amino acids within the CaM-binding site of SFI5.
The CaM binding motif of SFI5 is necessary for the interaction with tomato CaMs in vivo
In order to find out the host targets of SFI5 and confirm the results of the in vitro interaction between SFI5 and SlCaM6, we transiently expressed N-terminal HA-tagged SFI5 in tomato protoplasts. Total proteins of transgenic tomato protoplasts were isolated and immunoprecipitated by anti-HA beads followed by LC-MS/ MS analysis. Through this approach, we identified a number of peptides that match tomato CaMs among the proteins isolated from protoplasts expressing HA-SFI5 (Table S2) . CaMs were not identified in immunoprecipitated material from protoplasts expressing HA-SFI1, another MTI-suppressing RXLR effector of P. infestans or transformed with the empty vector control (Table S2 ). In the next step, we performed pairwise interaction studies with SFI5 and SlCaM1, SlCaM3/4/5 and SlCaM6 in tomato protoplasts. GFP-tagged SFI5 (GFP-SFI5) and HA-tagged CaMs were co-expressed in tomato protoplasts. Total protein extracts from transformed protoplasts were prepared and immunoprecipitated with anti-HA antibody-coupled beads, followed by immunoblotting with anti-GFP and anti-HA antibodies, respectively. The result in Fig. 3(a) shows that GFP-tagged SFI5 associated with all HA-tagged CaMs without apparent specificity.
To confirm whether the interaction between SFI5 and CaMs relies on the presence of Ca 2+ and MAMP perception, we performed co-immunoprecipitation assays with tomato protoplasts expressing HA-SlCaM3/4/5 and GFP-SFI5 treated with flg22, a 
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CaM antagonist N-(6-aminohexyl)-5-chloro-1-naphthalene-sulphonamide (W7) or Ca 2+ channel blockers (LaCl 3 and EDTA). The results in Fig. 3(b) show that the protein association was independent of the flg22 treatment but significantly inhibited by the presence of CaM antagonist and Ca 2+ channel blockers. We used the results gained from the in vitro binding assay to define the molecular determinants of the interaction between GFP-SFI5 and SlCaM3/4/5 in tomato protoplasts. We generated a series of N-terminal or C-terminal deletion constructs of SFI5 and employed site-directed mutagenesis to replace the four key residues (Trp 225 , Phe 228 , Lys 235 and Lys
236
) in order to validate their role in the interaction between SFI5 and SlCaMs in vivo (Fig. 3c,e) . After co-immunoprecipitation and Western blot analysis, SlCaM3/4/5 interactions were detected with all N-terminal Glu/Lys 236 Glu -WFKK/AAEE) failed to associate with HA-SlCaM3 (Fig. 3e,f) . As anticipated, the variant in which the last two amino acids (Lys 240 and Arg 241 ) were replaced by glutamic acid (KR/EE) did not affect CaMbinding (Fig. 3e,f) .
From the in vitro and in vivo interaction assays, we concluded that SFI5 has a unique CaM-binding site formed by a 17-aa core region (Ser 223 to Leu 239 ) containing an alpha helical fold and amphipathic properties, in which the two hydrophobic residues (Trp 225 and Phe
228
) and the two basic residues (Lys 235 and Lys 236 ) play critical roles in binding CaMs.
The CaM-binding motif participates in the plasma membrane localization of SFI5
GFP-SFI5 is located mainly at the plasma membrane (PM) in tomato protoplasts and N. benthamiana leaves, with very little fluorescence detectable in the cytoplasm . To determine whether the CaM-binding site is important for the intracellular localization of SFI5, full length SFI5 and N-terminal or C-terminal deletion variants or amino acid point mutants (Fig. 3c ,e) were coexpressed with a PM marker, mOrange-LTi6b, or cytoplasmic mRFP. Laser scanning confocal microscopy imaging shows that all three GFP-tagged N-terminal deletion forms of SFI5 used in this analysis (GFP-SFI5 28-241 aa, GFP-SFI5 63-241 aa and GFP-SFI5 84-241 aa) were predominantly localized at the PM, as illustrated by the overlap of the GFP and mOrange fluorescence signals (Fig. 4) , and the failure of the GFP fluorescence to overlap with free mRFP signal. This indicates that the N-terminal region of SFI5 is not required for the plasma membrane localization. By contrast, the two GFP-tagged Cterminal deletion variants (GFP-SFI5 28-199 aa and GFP-SFI5 28-221 aa) and the quadruple point mutant (GFP-SFI5 ED-WFKK/AAEE) of SFI5 localized predominantly in the cytosol, with GFP fluorescent peaks representing trans-vacuolar cytoplasmic strands, and a minimal overlap with mOrange-LTi6b (Fig. 4) . This suggests that the PM-association of SFI5 is dependent on the C-terminal CaM-binding motif. Mutation of the last two amino acids (KR/EE) increased the cytoplasmic signal from the GFP fusion (GFP-SFI5 ED KR/EE) but did not abolish the PM localization (Fig. S3) . Co-localization studies performed in tomato protoplasts using the aforementioned deletion and point mutants of SFI5 and the bacterial effector AvrPto, which is associated with the PM through the presence of an N-terminal myristoylation site (Shan et al., 2000; He et al., 2006) , mirrored the results obtained in N. benthamiana leaves (Fig. S4) . Next, we investigated whether SFI5 and CaM interact at the PM. Coexpression of mRFP-SlCaM3/4/5 and GFP-SFI5 28-241 aa showed an absence of signal overlap, suggesting that if CaM binding is required for the PM localisation of SFI5, the interaction does not occur at the PM and that CaM likely dissociates from SFI5 before it locates at the PM (Fig. S5) .
Both the C-terminal CaM-binding motif and N-terminal region of SFI5 are required for effector activity SFI5 is an effector that disturbs the earliest signalling events of MTI responses, including flg22-dependent pFRK1-Luc reporter gene expression, post-translational activation of SlMPK1 and SlMPK3, and ROS production, and thereby promotes P. infestans infection in plant leaves . To investigate the importance of the CaM-binding site of SFI5 for disruption of MTI responses, HA-tagged SFI5 deletion and point mutation variants were transiently expressed in tomato protoplasts (Fig. S6 ) and tested in a set of bio-assays to measure early immune responses triggered by flg22. First, we measured the impact of truncated and mutated SFI5 proteins on the induction of the pFRK1-Luc reporter gene expression after flg22 treatment using the method described in Zheng et al. (2014) . As shown in Fig. 5(a) , expressing SFI5 C-terminal deletion variants (HA-SFI5 28-177 aa, HA-SFI5 28-199 aa or HA-SFI5 28-221 aa) failed to block flg22-induced Luc activity in comparison to expressing SFI5 (HA-SFI5 28-241 aa) or AvrPto. Point mutations in the CaM-binding region (HA-SFI5 ED-KK/ EE, HA-SFI5 ED-WF/AA or HA-SFI5 ED-WFKK/AAEE) also reduced the ability of SFI5 to block flg22-triggered reporter gene activation, although the reduction was less than that of the deletion mutants. The HA-SFI5 ED-KR/EE mutant was as active as the positive controls (Fig. 5a) . Interestingly, suppression of the flg22-mediated reporter gene activation also was attenuated in tomato protoplasts expressing N-terminal deletion constructs of SFI5 (HA-SFI5 84-241 aa, HA-SFI5 102-241 aa or HA-SFI5 178-241 aa), except for the one lacking only the RXLR motif (HA-SFI5 63-241aa) which retained full suppression activity (Fig. 5a) .
Second, immunodetection of flg22-dependent SlMPK1 and SlMPK3 activation using the p44/p42 antibody was performed with tomato protoplasts expressing the SFI5 deletion and pointmutation constructs. The results shown in Fig. 5(b) are consistent with the pFRK1-Luc induction assay.
Third, the results of the oxidative burst assays in tomato protoplasts expressing SFI5 deletion and point mutation constructs were largely in agreement with the results of pFRK1-Luc induction and MAPK activation assays. Notably, the HA-SFI5 mutant carrying a substitution for the two hydrophobic residues (HA-SFI5 ED-WF/AA) retained the ability to repress ROS production under the defined experimental conditions (Fig. 5c) .
In order to further determine the role of the N-terminal and CaM binding domains in the virulence function of SFI5, two GFP-SFI5 variants with an N-terminal deletion (63-241 aa and 84-241 aa) and one with a C-terminal deletion (28-221 aa) were transiently expressed in N. benthamiana leaves followed by inoculation of P. infestans. As anticipated, both SFI5 (28-241 aa)-expressing leaves and effector domain (63-241 aa)-expressing leaves showed significantly larger lesion size compared to those Fig. 4 The calmodulin (CaM) binding motif of SFI5 is required for plasma membrane localization in Nicotiana benthamiana leaves. Single optical section images of GFP-tagged SFI5 deletion and mutant forms (as indicated to the left of the images) coexpressed with the PM marker mOrange-LTi6b or cytoplasmic mRFP (as indicated above the image columns). The fluorophores are shown in green for GFP and magenta for the mRFP or mOrange. The arrows indicate the lines drawn to generate the intensity profiles shown to the right of each image. Each profile was drawn such that both a cytoplasmic strand, or region of cytoplasm, and the plasma membrane were crossed. The lengths of the profiles are shown in the graphs in lm and the intensities are as generated by the confocal software. GFP, green fluorescent protein. www.newphytologist.com on the GFP expressing control leaves at 7 d post-pathogen inoculation. By contrast, leaves expressing two SFI5 deletion variants (84-241 aa and 28-221 aa) did not enhance the susceptibility to P. infestans infection since the lesion sizes were similar to those on control leaves (Fig. 5d) . Altogether, these results (summarized in Table 1 ) indicate that there is a correlation between CaM binding, suppression of early MTI signalling and virulence function of SFI5. In addition, another domain of unknown function, located at the N-terminal part of SFI5, after the RXLR motif and spanning c. 20 aa residues (Phe 63 -Lys 84 ), is required for the activity and function of SFI5 in the host cell.
Discussion
Phytophthora infestans is an oomycete pathogen that infects the crop plants tomato and potato in nature, and the model plant (a) Tomato protoplasts coexpressing HA-tagged SFI5 deletion or point mutants with the two reporter genes pFRK1-Luc and pUBQ10-GUS were treated with or without flg22 (+/Àflg22) and the pFRK1-Luc activity was measured after 3 h. The promoter activity is calculated as the ratio of flg22-induced luciferase activity relative to the untreated sample, which was normalized to the internal GUS activities (pFRK1-Luc activity +flg22/Àflg22). GFP and AvrPto served respectively as a negative and positive control for the suppression of pFRK1-Luc activation by flg22. (b) Tomato protoplasts expressing HA-tagged SFI5 deletion or point mutants were collected 20 min after flg22 treatment (+) or without flg22 treatment (À), and the phosphorylated mitogen-activated protein kinases MAPK were detected by immunoblotting with the antibody raised against phosphorylated MAPK p44/p42. Ponceau S staining is shown as a loading control. (c) The oxidative burst in tomato protoplasts expressing HA-tagged SFI5 deletion or point mutants is represented as the percentage of total photon counts measured between 6 and 20 min after flg22 treatment of the GFP control, which was set to 100%. GFP and AvrPto served respectively as negative and positive controls for the suppression of pFRK1-Luc and MAPK activation and ROS burst by flg22. Data in (a, c) represent the mean AE SE from four independent experiments, for each of which three technical replicates were carried out. *, P < 0.05 (one-way ANOVA followed by Dunnett's multiple comparison test). The results in (b) are representative of at least three independent experiments. (d) N-terminal or C-terminal deletion mutants of SFI5 were each transiently expressed via agroinfiltration in one half of a N. benthamiana leaves and empty vector (GFP) was expressed in the other half. After 24 h, the infiltrated leaves were inoculated with P. infestans. Disease lesion diameters were measured 7 d post-inoculation. Results are mean AE SE from three biological replicates, each of which used 24 leaves for inoculation per construct. Significant difference (*, P < 0.01) in lesion size compared to empty vector control was determined by one-way ANOVA. GFP, green fluorescent protein. 
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Nicotiana benthamiana in the laboratory (Haas et al., 2009; King et al., 2014; Whisson et al., 2016) . To colonize host plants, P. infestans secretes effector proteins, many of which contain an RxLR motif downstream of the N-terminal signal peptide for translocation into the plant cell and a C-terminal effector domain several of which have been shown to suppress plant immunity. So far, there are no studies showing that RXLR effectors suppress immunity by interacting with Ca 2+ signalling components. Thus, SFI5 is the first example of an oomycete effector that suppresses microbe-associated molecular patterns (MAMP)-triggered immunity (MTI) responses by interacting with calmodulin (CaM).
The structure-function analysis presented here has accurately delimited the domain and residues of SFI5 that are involved in CaM binding. The C-terminal 18 aa-region of SFI5 forms an amphipathic a-helix wheel with the segregation of basic and hydrophobic residues on opposite sides (Fig. 2a) , characteristic of CaM-binding domains (O'Neil & DeGrado, 1990; Meador et al., 1992; Crivici & Ikura, 1995) . The CaM-binding site of SFI5 appears to be noncanonical due to the weak similarity to any known CaM-binding domains. To verify the CaM-binding ability, peptides corresponding to the 18 aa-region were tested for binding with SlCaM6 from tomato by tris-glycine native gels (Fig. 2b,c) . The results showed that the predicted CaM-binding site of SFI5 is functional, which was confirmed further by in vitro and in vivo interaction assays with full-length SFI5 and CaMs from tomato (Fig. 3a) . The two hydrophobic residues (Trp 225 and Phe 228 ) are critical anchor residues but other hydrophobic residues at the same side of the a-helix wheel (Ile 227 , Ile 231 or Leu 239 ) might also be important for the interaction with CaM. It is worth noting that mutation of the Trp 225 and Phe 228 residues did not dramatically affect the suppression of flg22-triggered oxidative burst (Fig. 5c) . The 1-Anilinonaphthalene-8-sulfonate (ANS) fluorescence competition assay with peptide 5 (WF/AA) suggests abrogation of the interaction with CaM (Fig. 2d) but the gel shift assay showed a residual complex formation (Fig. 2c) . It is therefore possible that replacement of the two strong hydrophobic amino acids with a weak hydrophobic residue (alanine) compromised, but did not completely abolish CaM-binding activity of SFI5 in vivo, which was sufficient to suppress the oxidative burst. Additional Trp 225 /Phe 228 mutant peptides, in which these two hydrophobic residues were converted into histidine or glutamate residues, did not bind to CaM (Fig. S2a,b) . Dose-response assays with those SFI5 variants would help to better quantify CaM binding and their impact on the biological response. This would confirm the importance of CaM binding for the MTIsuppressing activity of SFI5.
The molecular determinants of CaM that are required for the interaction with SFI5 are unknown. CaMs and CaMs-like (CMLs) form a highly conserved Ca 2+ sensor protein family, which is present in all eukaryotes. The 3D structure of CaM has the hallmark of a dumbbell shape with four EF-hand Ca 2+ -binding motifs organized in pairs and embedded in two globular domains separated by a long flexible helix. After Ca 2+ binding, CaM undergoes conformational changes that expose its hydrophobic surfaces and subsequently interacts with a large array of proteins that are implicated in many cellular processes (Bouche et al., 2005; McCormack et al., 2005) . It would be interesting to solve the crystal structure of SFI5 in complex with CaM, which could provide new insights on the structural variability of CaM/CaM-binding protein interactions and on the mode of action of SFI5 in planta.
The CaM-binding motif of SFI5 is required for the plasma membrane localization, MTI-suppression and for promoting P. infestans colonization ( Fig. 5 ; Table 1 ) but we did not observe CaM-SFI5 co-localization at the plasma membrane (Fig. S5) . A simple and likely explanation for this is that CaM binding and activation may be required for SFI5 to interact subsequently with operative targets that are localized at the plasma membrane (PM). However, dissociation of CaM from SFI5 may be required for it to interact with the operative targets. In vivo F€ orster resonance energy transfer-fluorescence lifetime imaging microscopy (FRET-FLIM) would provide an alternative approach to study the interaction between SFI5 and CaM and perhaps provide information on the dynamics of their coupling. This technique has been successfully applied to study the spatiotemporal interaction dynamics of barley Mildew resistance Locus O (MLO) with its activator, CaM. It revealed that an increasing number of MLO/CaM complexes in the vicinity of the penetration sites was coincident with successful pathogen entry into host cells (Bhat et al., 2005) . Bioinformatic analyses do not predict the presence of a transmembrane or membrane-anchoring domain in the sequence of SFI5. To further determine the importance and the role of CaMmediated PM-localization for the SFI5 MTI-suppressing activity, a PM anchor myristoylation site could be introduced into SFI5 and SFI5 variants deficient in CaM-binding and the resulting proteins could be tested for their MTI-suppressing activity. We have used this targeting approach to mis-locate the RXLR effector SFI1 from the nucleus to the plasma membrane to thereby demonstrate that SFI1 must enter the nucleus to suppress MTI . However, it has not been used to investigate whether simple restoration of PM localization would restore function.
Although we provide strong correlative evidence that CaMbinding is required for full function of SFI5, it is still unclear how SFI5 interferes with MTI signalling. One possibility is that SFI5 directly targets and inhibits the function of CaM or CMLs that regulate the activity of downstream CaM-and CML-binding proteins which have a positive role on MTI. Large scale proteinprotein interaction screens combined with the availability of genome and transcriptome resources have revealed a considerable number of putative CaM/CML-binding proteins implicated in the regulation of plant immunity. Experimental evidence includes the finding that one member of the CaM-binding transcription activator (CAMTA) family in Arabidopsis, AtCAMTA3 (also designated as AtSR1), was shown to suppress the expression of genes of the salicylic acid (SA) biosynthetic pathway thereby repressing SA-dependent plant defence against bacteria and fungi (Galon et al., 2008; Du et al., 2009) . Barley MLO, a PM-resident protein, requires Ca 2+ /CaM association to compromise plant defence against powdery mildew (Kim et al., 2002) . In addition, AtCaM7 was recently shown to interact and to co-localize with ATP-binding cassette (ABC) transporter PENETRATION 3 (PEN3) at the plasma membrane-cytoplasm interface and may be involved in PEN3-mediated nonhost resistance (Campe et al., 2016) , whereas PEN3 focal accumulation was elicited upon MAMP perception or infection by adapted bacterial pathogens (Underwood & Somerville, 2013; Xin & He, 2013) . However, the observation that functional SFI5 does not co-localize with CaM at the PM potentially favours additional unknown proteins at the PM being targeted to suppress MTI.
There are few publications reporting an interaction of CaMs/ CMLs with microbial effectors. Recently, HopE1 from P. syringae was discovered to interact with CaM and this interaction was required for further association with host microtubule-associated protein 65 (MAP65). Upon association, MAP65 dissociates from the microtubule network which is thought to cause suppression of MAMP-induced pathogenesisrelated protein secretion and enhanced susceptibility to bacterial infection (Guo et al., 2016) . To date, it is unclear how HopE1 manipulates MAP65, but a conclusion of the authors was that CaM serves as a factor to activate HopE1 function in host cells. This is similar to our hypothesis that CaM is not the operative target of SFI5 but that SFI5 utilizes plant CaMs as positive regulators of its effector activity after translocation into the host cell. Given that SFI5 does not display specificity in binding distinct CaMs from tomato and Arabidopsis, it is possible that SFI5 association with CaM promotes the interaction with other CaM-binding components. In this respect, the identification of potential additional targets might provide new findings on the mode of action SFI5.
The finding of a physical association of SFI5 with different CaM isoforms is the first direct link between an oomycete plant pathogen effector and components of Ca 2+ /CaM signalling in plants. Our current model predicts that SFI5 activation in host cells requires the association with CaM, in a Ca 2+ -dependent manner, at the C-terminal Pro 222 -Leu 239 alpha helix, triggering a conformational change of SFI5 conferring its ability to affect MAMP signal transduction pathways by manipulating one or several unknown membrane-associated proteins, likely pattern recognition receptors and/or signalling components. Further molecular and biochemical studies are needed to dissect the specific mode of action of SFI5 in host cells and to unravel the molecular basis of the nonfunctionality of SFI5 in nonhost plants.
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